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Selective Temporal Interactions Between
Processing Streams with Differential Sensitivity
for Colour and Luminance Contrast
UTE LEONARDS,*~ WOLF SINGER*
Recewed 23 Aprd 1996, m revised form 4 September 1996
Temporal interactions between spatially separated visual stimuli were investigated in human
observers. Subjects had to judge whether briefly presented targets consisted of a single or a double
flash. Simultaneous presentation of unattended single or double flash distracters impaired
performance if target and distracter followed different time courses, confirming previous findings.
This interference occurred only when targets had high luminance contrast or were isoluminant and
when distracters had high or low luminance contrast, but not when targets had low luminance
contrast or when distracters were isoluminant. Low luminance contrast distracters strongly
influenced high luminance contrast targets but not vice versa. These resdts suggest that (i)
information about the precise temporal structure of stimuli is conveyed preferentially by the
luminance-sensitive magnocelhdar system; and (ii) that this information influences judgments on
the temporal patterning of signals transmitted by the colour-sensitive parvocellular system. 01997
Elsevier Science Ltd. All rights reserved.
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INTRODUCTION
The visual cortex in primates contains more than 30
distinct areas (Felleman & Van Essen, 1991). Although
these areas are massively interconnected, two major
processing streams can be distinguished beyond V2: a
ventral stream towards inferior temporal cortex that
supports the analysis and ultimately the identificationof
visual objects and a dorsal stream towards medio-
temporal and parietal cortex that serves to locate objects,
to analyse motion trajectories and to prepare visually
guided motor acts (for reviews see Maunsell, 1992;
Merigan & Maunsell, 1993).Within limits this functional
specialisation can be traced back until the retina.
Ganglion cells supplying input to the dorsal lateral
geniculate nucleus (dLGN), the principal way station to
the visual cortex, can be subdividedinto two populations
with distinct functional and morphological characteris-
tics. Alpha-cells are highly sensitive to luminance
contrast but lack spectral selectivity. They react with
brisk transientresponsesto temporallymodulatedstimuli
over a wide range of frequencies.Beta-cells,by contrast,
are less sensitive to luminance contrast but show a
pronounced spectral sensitivity, and they exhibit more
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sustained responses that follow high frequency flicker
less reliably (Kaplan & Shapley, 1986; Kaplan et al.,
1990;Croner & Kaplan, 1995;for review see Lee, 1991),
In the LGN, and to some extent also in the input layers of
Vl, the projectionsof the two ganglion cell populations
remain segregated and are termed as magno- (M-) and
parvocellular(P-) streams,respectively,the former being
fed by alpha- and the latter by beta-cells (Shapley et al.,
1981; Ingling & Martinez-Uriegas, 1983; Derrington &
Lennie, 1984;Shapley& Perry, 1986).A third streamhas
been discovered recently that does not involve the
magno- and parvocellular layers of the LGN but is
relayed through cells located in the interlaminar zones
(koniocellular stream). Functionally, this stream resem-
bles the P-streambut its terminationpattern in V1 differs
from that of M- and P-projectionsin that its axons ascend
beyond layer IV and terminate within the cytochrome
oxidase-richblobs in layer III (Casagrande,1994;Hendry
& Yoshioka, 1994; Yoshioka et al., 1994). Although
there is substantial convergence and mixing of these
subcortical inputswithin and beyond Vl, their contribu-
tion to the two cortical processing streams is not
symmetrical. Input to the dorsal streams is derived
mainly from the M-system, while the ventral stream is
supplied in about equal proportions by the M- and P-
system (Maunsell& Newsome, 1987; Saito et al., 1989;
Maunsellet al., 1990;Schiller et al., 1990a,b;Ferrera et
al., 1992, 1994;Lachica et al., 1992).
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This anatomical and physiological segregation of
colour and luminance-sensitiveprocessing streams has
perceptual correlates. Important visual functions are
impaired when luminance cues are removed from
coloured patterns by making them isoluminant and
equating them for L/M-cone contrast. For example,
accommodationbecomes less precise (Wolfe & Owens,
1981), the perceived speed of moving objects is
decreased (Cavanagh et al., 1984; Mullen & Boulton,
1992), stereopsis is impaired (Lu & Fender, 1972), and
vernier acuity is markedly reduced (Morgan & Aiba,
1985). Further support for separate processing of colour
and luminance cues comes from neuropsychological
studies with patients suffering from circumscribed
lesions of cortical areas. These studies revealed that
disturbance of colour perception (“achromatopsia”)
could dissociate from impairments in the processing of
luminance cues (e.g. Damasio et al., 1980; Rizzo et al.,
1993; for review see Zeki, 1990). Because of the better
temporal resolution of the M-pathway and the spectral
sensitivityand high spatialresolutionof the P-pathway,it
has been suggestedthat activityof the former is exploited
preferentially for the evaluation of temporal features of
stimuli such as e.g. motion while that of the latter is used
primarily to extract information on colour and texture
(Carney et al., 1987; Livingstone& Hubel, 1987, 1988;
Maunsell, 1987; Merigan et al., 1991a;Vaina, 1994).
In agreement with the early mixing of M- and P-
pathways, the segregationof processesexploitingsignals
from the two systems is, however, not exclusive (e.g.
Logothetis et al., 1990; Schiller & Logothetis, 1990).
Thus, even if information on patterns is encoded mainly
by the P-system—which is the case with isoluminant
patterns that are defined only by spectral differences—
this information can readily be used to assess, not only
spatial,but also temporalfeaturesof patternssuch as their
motion, albeitwithin the limitsof the temporalresolution
of the P-system (Ramachandran & Gregory, 1978;
Cavanagh & Favreau, 1985; Gorea & Papathomas,
1989; Lindsey & Teller, 1990; Cavanagh & Anstis,
1991;Papathomaset al., 1991;Mullen& Boulton, 1992;
Dobkins & Albright, 1993; Hawken et al., 1994;
Gegenfurtner & Hawken, 1995). Unfortunately, it is
difficult to isolate the functions of the M-system with
psychophysicalmethods. Physiologicaldata in monkeys
show that neither the M-system is totally inactive at
isoluminance nor is the P-system entirely silent at low
luminance contrast (Merigan & Eskin, 1986; Schiller et
al., 1990a,b; Merigan et al., 1991b). Logothetis et al.
(1990) demonstrated that the activity of both P- and M-
cells in the dLGN was diminished under isoluminance,
but the activity of neurons in neither system was
abolished. Similarly, single unit cell recordings in the
macaque monkey revealed that neurons in the “motion”
area MT typically decrease their firing rate at or near
isoluminance, but do not become silent (Charles &
Logothetis, 1989; Saito et al., 1989; Albright, 1991;
Gegenfurtner et al., 1994). Because of the higher
luminance and contrast sensitivity of M-cells, their
responses are less attenuated than those of P-cells by
reducing luminance and contrast of stimuli but because
P-cells are about eight times as frequent as M-cells, their
contribution may still be substantial even at low
luminance–inparticular since the M-cell responses also
decrease with decreasing contrast. Thus, lowering
luminanceand contrastincreasesthe relativecontribution
of M-cells, but it does not inactivate P-cells.
Under normal viewing conditions,patterns are usually
defined by both spectral and luminance contrast, and
information is available from both the M- and the P-
system. Most features will be signaled by both systems
but information about spectral composition is signaled
mainly by the P-pathway and information about very
rapid temporal changes (high frequency flicker, fast
motion) primarily by the M-system (Maunsell, 1992).
This raises interesting questions with respect to the
integration of the signals conveyed by the two systems.
The prediction is that activity from the M-systemis used
to make inferences on the temporal structure of patterns
and that it dominatesperception when the P-system fails
becauseof its limitedtemporalresolutionor when there is
a conflictbetween M- and P-mediatedsignalsconcerning
the timing of stimuli.
The goal of the present experiments was to test this
prediction.In order to study interactionsbetween the M-
and P-system under conditions that permit us to vary
independently the temporal patterning of signals con-
veyed by the two systems,we based our experimentson a
phenomenondescribedby Wilson& Singer (1981).They
observed that the presentationof an unattended single or
double flash stimulus (“distracter”) in one part of the
visual field impaired the identification of the temporal
structure of a simultaneouslypresented single or double
flash target elsewhere in the visual field (see also
Pomerantz et al., 1977): If presented alone, a target
stimulus consisting of two brief (50 msec) flashes
separated by an interval of 50 msec is easily discrimi-
nated from a single flash, because it is perceived as
flickering.If, however, a single flash target is presented
simultaneouslywith a doubleflashdistracter that appears
in a different part of the visual field, the target is
erroneously perceived as flickering as well. Thus, the
perceptionof the temporalpropertiesof a target stimulus
can be influenced by a simultaneously presented
distracter stimulus. This interference occurs over large
distancesin the visual field, is independentof the texture
of the stimuli and persistsupon dichopticpresentationof
target and distracter, suggesting interactions at the
cortical level.
In the initial study, both targets and distracters were
presentedeccentrically,but later Wilson (1987)provided
evidence that the phenomenon can also be observed for
foveallypresentedtargetsand is relativelyindependentof
the size of target and distracter. Thus, stimuli with
simultaneous or near-simultaneous onset appear to be
perceived as related and the visual system seems to infer
that they have a similar time course, whereby perception
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FIGURE 1. (A) Schematic illustration of the spatial arrangement of
target (T), distracter (D) and fixation cross (F). The target always
appeared at a horizontaleccentricity of 10deg from the fixationcross.
The eccentricity of D was varied between 5, 10 or 15deg in the
contralateral visual field. (B) Schematic presentation of the temporal
modulationof target and distracter [solid line: target (T), dotted line:
distracter (D)]: (i) double Tdouble D; (ii) double T–single D; (iii)
single T–doubleD; and (iv) single T–single D. The durationof pulses
and inter-pulse intervals was fixed to 57 msec.
is dominated by the more salient, here the flickering
stimulus.
In the present experiment,we presented as targets and
distracters stimuli that activate preferentially the M- or
the P-pathway in order to test the hypothesis that the
visual system relies more on M- than on P-mediated
activity when it makes inferences on the temporal
structure of stimuli.
Parts of the results have been presented previously in
abstract form (Leonards & Singer, 1994).
METHODS
Stimuli and procedure
In a computer-controlledtwo-alternativeforced-choice
paradigm, subjects had to distinguish whether a target
stimulus (T) consisted of a single or a double pulse by
pressing the appropriate one of two push-buttons. The
target’s shapewas a circulardot of 2 deg visual angle that
appeared at a horizontal eccentricity of 10 deg from a
central fixation cross (F). Together with this target, a
distracter stimulus (D) of the same size as the target was
presented at 5, 10 or 15 deg on the contralateral side of
the fixation cross [Fig. l(A)]. The distracter could also
consist either of a single or a double pulse. There were
thus four different stimuluscombinationsas presented in
Fig. l(B): (i) doubleT-double D; (ii) doubleT–singleD;
(iii) single T-double D; and (iv) single T-single D. The
different combinations occurred equally often for each
distracter eccentricity.
Because of the frame rate of the monitor(89 Hz), pulse
duration and inter-pulseintervalscould only be varied in
multiples of 11.4 msec. In all experiments, the duration
of the pulses and of the inter-pulseintervalswas 57 msec.
If a single and a double pulse stimulus were presented
together (conditions ii, iii), the single pulse appeared
simultaneously with the first pulse of the double pulse
condition [Fig. l(B)].
Stimuli differed from background because of differ-
ences in luminance or colour or both. Colour and
luminance contrast could be changed independently for
both targets and distracters.Thus, stimuli could be made
isoluminant, in which case they were defined only by
their colour contrast (CC-stimuli),or they were made to
have high (HC) or low (LC) luminance contrast. In all
conditions the background was grey (23.5 cd/m2). LC-
stimuli consistedof bright (28.7 cd/m2)or dark (19.2 cd/
m2) grey stimuli (luminance contrast of 10%), HC-
stimuli were either yellow, bright (61.95 cd/m2)or dark
(8.9 cd/m2)with a luminance contrast of 45%, and pure
CC-stimuli were yellow. The point of isoluminance of
CC-stimuli was individually adjusted for each target/
distracter position by subjective heterochromatic flicker
photometry: subjects were asked to minimise the
perception of flicker by increasing or decreasing the
brightness of the yellow stimulus flickering with a
frequency of 14.7Hz on the grey background. Five
measurements were taken for each stimulus location in
random order and their mean brightnesswas later taken
for the experimentalconditions.Luminance and spectral
distributions were measured with a spectrophotometer
(“SpectraScan”, PhotoResearch). CIE(X,y)-coordinates
of the monitorwere (0.625,0.340) for red, (0.310,0.592)
for green and (0.150, 0.063) for the blue phosphor. The
bright yellow stimulihad CIE(x,y)-coordinatesof (0.457,
0.475), and the grey background (0.299, 0.310).
Each subject was tested with only two of the nine
possible luminance/colour contrast combinations of
target and distracter. The first of six groups of subjects
saw HC-distracters presented with LC-targets and LC-
distractorspresented with HC-targets.The second group
of subjects saw LC-distracters with CC-targets and CC-
distractors with LC-targets, the third group CC-targets
with HC-distracters and HC-targets with CC-distracters.
Groups 4–6 saw two conditions in which target and
distracterhad the same contrastproperties,i.e., both were
either isoluminantor had high luminance contrast. HC-
and LC-stimuli were of positive or negative contrast
polarity.
In the first block of practice trials, subjects had to
discriminatedouble and single targets presented without
distracter for the two contrast conditions used in the
subsequent experimental sessions. During practice,
performancewas better than 95% correct for all subjects
and all contrast conditions. Thus, even under isolumi-
nance, the subjectscouldclearly distinguisha singlefrom
a double pulse when the stimulus was presented in
isolation.
Experimental trials were presented in 10 sessions, two
sessions per day. Each day, subjects were given at least
10 min for adaptation to the grey backgroundbefore the
start of the experiment.Then isoluminancewas adjusted
as describedabove.At the beginningof each new session,
40 practice trials were presented. Only for the very first
session, the number of practice trials was increased to
120 trials, 60 for each of the two contrast conditions.
Before the experimental trials, subjects were informed
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FIGURE2. (A) Schematic presentation of luminance and colour properties of target (T) and distracter (D); (CC: isohrminant
stimulus; HC: high luminance contrast; LC: low luminance contrast). Arrows indicate the tested combinationsof target and
distracter. (B) Mean performance(10 subjects per luminancecondition)plotted against distracter eccentricity. Error bars show
~ 1 SEM. Columns(i)-(iv) showthe results for the different combinationsof target and distracter timing: (i) doubleT40uble
D; (ii) double T–single D; (iii) single T-double D; (iv) single T–single D. Rows indicate different luminance contrast
combinationsas schematicallypresentedin (A);grey symbolsrefer to LC-distracters,black symbolsto HC-distracters andopen
symbols to isoluminantdistracters, respectively.
about the presenceof the distracterand were instructedto
concentrate only on the target, which was always
presented at the same side of the fixation cross within
one session.No feedback was given during experimental
trials. In addition to the practice trials, one session
comprised 192 experimental trials, four for each
combination of timing, distracter’s eccentricity and
contrast condition (with positive and negative contrast
polarity).These differenttrials were presented in random
order. Thus, over the 10 sessions, each observer
performed a total of 40 trials with identical target and
distracter constellations.
Four seriesof controlexperimentswere includedin the
study. In the first control, five subjects repeated the
TEMPORALINTERACTIONS
TABLE 1. Mean error rates and standard deviations for different contrast polarities of target (T) and
distracter (D)
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T D No. Subjects (i) (ii) (iii) (iv)
+HC +HC 10 0.33 f 0.76 8.08 * 5.59 27.67 & 14.27 1.33 * 1.50
–HC –HC 10 0.41 + 1.00 5.33 * 5.15 21.00 ~ 14.19 1.50 * 1.74
+HC –HC 5 0.33 ~ 0.67 10.33 f 6.66 19.00 * 10.10 1.83 t 1.10
–HC +HC 5 0.33 + 0.40 5.00 & 2.53 26.33 t 11.94 1.50 + 1.33
+HC +LC 10 1.67 ~ 1.49 23.33 ~ 8.37 25.75 t 12.18 2.67 i 1.48
–HC –LC 5 1.67 t 1.75 19.67 ~ 7.04 19.17 + 6.99 1.5 t 0.63
+HC –LC 5 2.33 ~ 1.22 28.17 + 13.47 24.33 h 6.63 2.00 t 1.72
–HC +LC 5 1.17 t 0.85 25.99 t 10.73 31.33 + 9.71 2.15 t 1.23
+LC +HC 10 0.67 ~ 0.82 0.33 f 0.41 0.50 * 0.77 1.25 t 1.25
–LC –HC 5 0.67 ~ 0.62 0.83 f 0.91 1.17 f 1.13 1.83 t 1.69
+LC –HC 5 0.50 + 1.00 0.49 f 0.41 1.50 * 1.33 1.50 * 0.97
–LC +HC 5 0.00 ~ 0.00 0.17 * 0.33 1.17 ~ 0.85 0.99 k 1.32
HC = high luminance contrast; LC = low luminance contrast; +– = positive (bright stimuli) and negative
(dark stimuli) luminancecontrast. (i) doubleT-double D; (ii) doubleT-single D; (iii) singleT-double D;
{iv)single T:single D.
experiment with bright red stimuli (22.9 cd/m2)of 45?70
luminance contrast or reen stimuli isoluminantto a red5background (8.7 cd/m ). A second control with five
subjects was performed to examine the influence of
different inter-pulseintervals (IPIs). Examined IPIs were
34.2, 45.6, 57.0, 68.4, 79.8, 91.2, 102.6 and 114.0msec.
In the third control series with 20 subjects, targets and
distracters were asynchronouslypresented, varying the
onset delay of the distracter in steps of 57 msec from
–399 to +399 msec. The fourth controlwith two subjects
was performedunder dichopticviewingconditions:black
paper reaching from the nose of the subjectto the vertical
midline of the screen divided the screen into two equal
parts, one presented to the left, the other to the right eye.
The borders of the monitor, the black paper and two
fixation crosses in the centre of each of the two monitor
parts allowed the subjects to fuse the images of the two
eyes. The target appeared 5 deg to the left of the fixation
cross in the left half of the screen and thuswas seen by the
left eye, and the distracter appeared 5 deg to the right of
the fixationcross in the right half of the screen and hence
was presented to the right eye.
Subjects
We tested 145 observers, 18–59 years of age, with
normal or fully corrected visual acuity (visus 1.0 or
more). Observers wearing spectacles did not participate
in this study to exclude problems of chromatic aberra-
tions.All observershad normal colourvision, as assessed
by the Ishihara test-plates for colour-blindness.
The observers were naive as to the purpose of the
experiment.They were informed about the experimental
procedures and written consent was obtained prior to
participation in the study.
RESULTS
Dependence of interferenceon luminance contrast
The results obtained with high luminance contrast
(HC) stimuli for both target and distracter confirmedthe
results published by Wilson & Singer (1981) (Fig. 2).
When the temporal parameters of target and distracter
followed the same time course, i.e., when both consisted
of a single or a double pulse, the subjects correctly
discriminated single from double pulses. However, if a
single pulse stimuluswas presented simultaneouslywith
a double pulse stimulus, subjects had difficulties
identifying the correct temporal structure of the target.
Resultswere taken as significantif the mean decrease in
performancecausedby timing differencesbetween target
and distracter exceeded an a of 0.025 in the non-
parametricWilcoxon-test.As indicatedby the large error
bars, interindividualdifferences were substantial in this
condition.
Isoluminant (CC) distracters were ineffective and did
not significantly affect performance (Wilcoxon:
u > 0.05), irrespective of whether the target was
isoluminantor had low (LC) or high luminance contrast
(HC) (Fig. 2). By contrast, both HC- and LC-distracters
impaired performance for both CC- and HC-targets
(u< 0.025), but not for LC-targets (u> 0.05). Note
especially that the perception of the time course of HC-
targets was strongly influenced by LC-distracters,
whereas LC-targets remained unaffected by HC-distrac-
tors (Fig. 2). Negative (dark stimuli) and positive (bright
stimuli) luminance contrasts in the HC- and the LC-
conditions led to similar results (Table 1). Thus, the
observed effects were independent of the sign of the
luminance contrast of targets and distracters. As
indicatedin Fig. 2, interactionsdecreasedwith increasing
distance between distracter and target, but this depen-
dence did not reach significance for the distances
examined in any of the nine contrast combinations.
In summary, distracters did not have to have the same
colouror the same contrastpolarity as the target to impair
performance. Performance decreased for HC- and CC-
targets if presented with HC- or LC-distracters, but
isoluminantdistracters were always ineffective and LC-
targets never distractible.
The abilityto distinguishbetween a singleand a double
pulse target varies for different luminance and colour
contrasts,even if the target is presentedwithoutdistracter
or with a distracter of the same time course as that of the
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FIGURE 3. Dependence of temporal interactions between target and
distracter on luminanceand colourcontrast of the stimuli.The strength
of the distracter effect was quantified as the difference of correct
responses between conditions (i) and (ii) and between conditions(iv)
and (iii) (same conventionsas in Fig. 2). Ordinate:Differencebetween
performancescores for conditionswhere target and distracter have the
same temporal structure and conditions where target and distracter
have different temporal structures: (i)-(ii) or (iv)-(iii). The upper
graph corresponds to the difference of the first two columnsof Fig. 2
(i)-(ii), the lower graph contains subtracted data of columns (iv) and
(iii). Abscissa: target properties; shading of columns indicates
distracter properties [white:isoluminance(CC);black: high luminance
contrast (HC); grey: low luminance contrast (LC)]. Each target/
distracter conditionrepresentsdata from 10subjects.Errorbars refer to
t 1 SEM.
target. To distinguish between this variability and the
influenceof distracters with differing time courses, data
were re-evaluated to assess distracter efficiency(Fig. 3).
First, mean performance was determined for all target/
distracter constellations at the three different eccentri-
cities, and then the differences were calculated between
correct responses in conditions (i) and (ii) [(double T/
doubleD)–(double T/singleD)] and (iv) and (iii) [(single
T/single D)–(single T/double D)]. Except for the
condition of LC-distracter and HC-target, single pulse
targets were significantlymore often seen as double if
presented with double pulse distracters [(Fig. 3. condi-
tions (iv)–(iii)] than doublepulse targetswere perceived
as singlepulses in the presence of singlepulse distracters
[condition(i)–(ii) (0.01)]. In the conditionswhere single
pulse targets were presented with double pulse distrac-
ters, interference was much more pronounced for CC-
than for HC-targets and LC-distracters were slightly
more effective than HC-distracters, in particular when
presentedwith isoluminanttargets (Fig. 3). However, the
large interindividual differences precluded a statistical
comparisonof performance in the latter case.
Dependence of interferenceon wavelength
To determine whether the high distractibility of CC-
targets and the low efficiencyof CC-distractersare really
due to isoluminance and not limited to a particular
spectral composition of stimuli and background, five
subjects repeated parts of the experimentswith isolumi-
nant and HC-targetsand distracters.Insteadof the yellow
targets and distracters used before, HC-stimuli consisted
of bright red stimulion a red backgroundand CC-stimuli
of green stimuli isoluminant to the red background.
Isoluminance was adjusted as described previously for
the yellow stimuli,but with green dots flickeringon a red
background. Results are summarized in Fig. 4. A
comparisonwith rows (1) and (3) of Fig. 2 indicates that
results obtained with green CC- and red HC-targets and
distracters equalled those obtained with yellow CC- and
HC-stimuli. Thus, the relevant variable responsible for
the distractibility of CC-targets and the inefficiency of
CC-distracters is the isoluminance rather than the
spectral composition of the stimuli or the relation of
L/M cone contrast.
Dependence of interferenceon the inter-pulse interval
To clarify to which extent the influenceof a distracter
depends on the interval between the double pulses, five
subjects were tested with CC- or HC-targets and
distracters while the inter-pulse intervals (IPIs) were
varied. The eccentricity of the distracter was always
10 deg and each stimulusconstellationwas presented 20
times. As summarized in Fig. 5, CC-distracters were
ineffectiveat all IPIs tested. Shorteningthe IPIs from 57
to 45.6 msec resulted in a slight increaseof the efficiency
of HC-distracters, but further shortening impaired the
discrimination between single and double pulse CC-
targets, even in the absence of distracters (less than 70%
correct responses).For IPIs longerthan 100 msec, neither
CC- nor HC-targets were influenced by the HC-
distracters.
Asynchronouspresentation of target and distracter
To investigatewhether the stimulipresented had to be
simultaneousin order to interact, 20 observers repeated
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and distracter timing: (i) double T-double D; (ii) double T–single D; (iii) single T-double D; (iv) single T–single D. Rows
indicate different luminancecontrastcombinationsas schematicallypresentedin (A);black symbolsrefer to HC-distractersand
open symbols to isoluminantdistracters, respectively.
the experiments for each of the nine contrast combina-
tions. The eccentricityof the distracterwas kept constant
at 10 deg but its onset time was varied in stepsof 57 msec
from –400 to +400 msec, relative to the onset of the
target. The distracter continuedto be effectiveeven when
presented with a temporal offset. Figure 6 shows the
mean error rates for HC-targets presented with HC-
distractors,plotted as a function of the onset delay of the
distracter. For offset intervalsup to 150msec, error rates
decreased but interactions were still measurable, irre-
spective of whether targets or distracters were presented
first. Interferencewas strongestwhen a singlepulse target
was coincident with the inter-pulse interval of a double
pulse distracter [condition(iv)].
The results for the eight other contrast combinations
confirmed the presence of interference also for non-
simultaneousstimuli. CC- and HC-targets were affected
by HC- and LC-distracters, while LC-targets remained
again unaffected and CC-distracters inefficient(data not
shown).
Dichopticpresentation
To examinewhether the observed interactionsoccur at
subcorticalor cortical levels, two subjects repeated parts
of the experiments under dichoptic viewing conditions
(see Methods section). The target was presented to the
left and the distracter to the right eye. Two different
luminance combinations of target and distracter were
tested: CC-targets with LC-distracters and LC-targets
with CC-distracters. Results were comparable to those
under normal viewing conditions(Table 2).
DISCUSSION
It has been shown previously that the perception of a
target’s temporal structure is influenced by a simulta-
neously presented, spatially remote distracter if the
temporal patterns of target and distracter differ (Wilson
& Singer, 1981;Wilson, 1987).The visual system seems
to interpret simultaneously or near simultaneously
appearing stimuli as related, even if they are spatially
non-contiguous,and to make inferences on the temporal
patterningof the stimuliby comparingthesepatterns.We
exploited this effect to examine to what extent informa-
tion about temporal patterning conveyed by luminance-
sensitivechannelsis used to assessthe temporal structure
of signals conveyed by colour-sensitive channels and
vice versa.
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FIGURE 5. Dependence of temporal interactions on inter-pulse
intervals for isoluminant (CC) and high luminance contrast (HC)
targets presented with CC- or HC-distracters. Mean error rates
[(performance in conditions (i)+ (iv))–(performance in conditions
(ii) + (iii))] of five subjects are plotted against the inter-pulseintervals.
(i) doubletarget (T)40uble distracter (D); (ii) doubleT-single D; (iii)
single T-double D; (iv) single T–single D. Symbols: circles, CC-
targets presented with CC-distracters; squares, CC-targets presented
with HC-distracters; triangles, HC-targets with CC-distracters;
reversed triangles, HC-targets with HC-distracters. Stars indicate the
inter-pulse intervals for which the presentation of isoluminanttargets
without distracters resulted in a performanceof less than 7070correct
responses.
Confirming earlier results, HC-distracters activating
both colour and luminance channels interfered with HC-
targets. In contrast, CC-distracters were inefficient and
LC-targets, activating preferentially luminance-sensitive
channels, were not distractible. This indicates that
distracters are only effective if they activate luminance-
sensitivechannels either in isolationor togetherwith the
colour-sensitive channels, while targets are only dis-
tractible if they activate colour-sensitivechannels,either
in isolation or together with luminance-sensitivechan-
nels. Most striking was the paradoxical contrast effect:
LC-distracters influenced HC-targets while LC-targets
remained unaffected by HC-distracters. Moreover, for
targets to be distractible it appears to be irrelevant
whether they have a similar or a differentcolour contrast
as the distracter if the latter has colour contrast in
addition to luminance contrast. Thus, information about
the temporal structure of stimuli is only compromisable
by distracters if it is conveyed predominantlyby colour-
sensitive channels but not if it is mediated mainly by
luminance-sensitivechannels. Conversely, only activity
in luminance-sensitivebut not in colour-sensitivechan-
nels can compromisethe perception of temporalpatterns
mediated by colour-serisitive channels. These results
suggest that temporally modulated activationpatterns in
luminance-sensitivechannels interfere with judgments
about the temporal structure of stimuli based on activity
in colour-sensitivechannelsbut not vice versa. Together
with the fact that judgments about the temporal
patterning of stimuli were resistant to interferencewhen
based on information conveyed predominantly by
luminance-sensitive channels, this suggests that the
visual system relies primarily on luminance-sensitive
channels for the assessmentof the temporal structure of
stimuli, at least over a range of intervalsup to 150 msec,
as tested in this study. The alternative interpretationthat
only luminance-sensitivebut not colour-sensitivechan-
nels can mediate long range temporal interactions
between spatially distant stimuli is unlikely because it
cannot account for the lack of interactions among LC-
distractorsand LC-targets.
The observation that the visual system can use
temporal pattern information from the luminance-sensi-
tive channelsin order to make inferenceson the temporal
patterningof stimuliwhich are encoded preferentiallyby
colour-sensitive channels and that it attributes greater
“credibility” to temporal pattern information conveyed
by luminance-sensitivechannels is compatible with the
functional specialisationsof the luminance and colour-
sensitive channels. Several independent observations
suggest that colour-sensitivechannels are less sensitive
to the temporalmodulationof stimuliand signal temporal
patterns less reliably than luminance-sensitivechannels.
Isoluminant stimuli appear to move more slowly than
stimuli with luminance contrast (Cavanagh et al., 1984;
Livingstone& Hubel, 1987;Troscianko & Fahle, 1988),
supporttemporal integrationover longer intervals(Smith
TT-
-_iim
II I I 1 (
-160 0 160
iv*
———
iii IV-J’l
,&
-160 0 160
Distracteronset delay (ins)
FIGURE 6. Mean error rate of 20 observers for HC-targets, when a
HC-distracter was presented with positive or negative onset delays.
Onset delays were varied in steps of 57 msec, referring to the
presentation duration of a single pulse. (i) doubIe Tclouble D; (ii)
doubleT–singleD; (iii) singleT-double D; (iv) single T–singleD. For
conditions (ii) and (iii), an onset delay of Omsec refers to the
simultaneousonset of the single pulse and the first pulse in the double
pulse condition.Error bars show t 1 SEM.
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TABLE2. Performance of two subjects (SW and JH) under dichoptic
stimulus presentation
Subject T D (i) (ii) (iii) (iv)
Sw CC LC 98.33% 69.16% 63.3070 96.67%
LC CC 94.17% 93.33% 97.5t)yo 95.83Y0
JH CC LC 90.83% 79.17% 70.83% 88.33%
LC CC 89.17%0 92.50% 88.33% 91.66%
T = target; D = distracter; CC= isoluminant; LC = low luminance
contrast. (i) double T-double D; (ii) double T–single D; (iii)
single T-double D; (iv) single T–single D.
et al., 1984; Uchikawa & Ikeda, 1986; Swanson et al.,
1987; Kawabata & Aiba, 1990; Burr & Morrone, 1993;
Kawabata, 1994) and fuse at lower flicker frequencies.
Since critical flicker fusion frequency increases with
luminance contrast (Barlow, 1958),Troscianko & Fahle
(1988) suggested that differences in the perception of
temporal aspects of pure colo.ur contrast stimuli and
stimuli with hrminance contrast are only due to
differences in contrast, suggesting a common, contrast-
sensitive mechanism for the evaluation of the temporal
patterning of stimuli. If so, one expects that isoluminant
coloured stimuli and low contrast luminance stimuli are
DISTRACTOR
cc HC LC
(P) (MIP) (M)
I
, “\ i\ I
Ee HC LC
p) (M/P) (M)
TARGET
FIGURE7. Schematicpresentationof the interactionsbetweencolour-
and luminance-sensitive pathways as revealed by distracter–target
interference: arrowsshow the directionof the interference(a < 0.025),
dashed lines reflect the lack of interference. CC= isoluminant
stimulus;HC = high luminancecontrast stimulus;LC = low luminance
contrast stimulus; P, M/P and M refer to the magno (M-) and
parvocellular (P-) processing streams.
equivalent with respect to the processing of their
temporal properties (Troscianko & Fahle, 1988). How-
ever, the present data show that LC- and CC-stimuli are
not equivalent with respect to the quality of temporal
information that is extractable from them: LC-targets
were not distractible while CC-targets were and LC-
stimuli were effective as distracters while CC-stimuli
were not (Fig. 7). These differences in the handling of
information conveyed by the colour- and luminance-
sensitive pathways suggest that temporal information
encoded by the two subsystemsis evaluated by separate
mechanisms and weighted differently.
Although there are indications that the temporal
resolution for isoluminantstimuli may approximate that
for luminancecontrast stimuli if colour saturation is high
(Kawabata, 1994),our controlssuggest that the observed
asymmetries in the interactionsbetween colour contrast
and luminance contrast stimuli were not due to
insufficient saturation of the isoluminant stimuli. If
increasing the colour saturation were to make the
colour-sensitive system behave like the luminance-
sensitive system a decrease in colour saturation of
isoluminant target stimuli should decrease the targets’
distractibility in analogyto the differentdistractibility of
HC- and LC-targets. Also, one might expect that
unsaturated isoluminantstimuli would become effective
as distracters, The controls suggest that this is not the
case. The results with red and green targets and
distracters on a red background did not differ substan-
tially from those obtained with the less saturated yellow
and grey stimuli on a grey background.
In conclusion,our data suggest that temporal informa-
tion conveyed by luminance and colourwxmsitivepath-
ways is processed separately and that information about
the temporal structure of stimuli conveyed by the
luminance-sensitivesystem is used to make inferences
on the temporal structure of stimuli that are encoded by
the colour-sensitive system but not vice versa. This
interference is maximal when colour and lumintmce-
sensitive channels are activated simultaneously, but is
still observable for offset intervals as long as 150 msec.
The data, thus, support the hypothesis that colour-
sensitivechannelsconvey informationabout the tempor-
al structure of stimuli with limited accuracy and that the
visual systemuses the more precise informationprovided
by luminance-sensitivechannels to adjust timing judgm-
ents.
Under natural viewing conditions, colour and lumi-
nance signals are spatially and temporally concurrent
which raises the question why there is a mechanism
supporting long range temporal interactions between
spatially distant stimuli. One reason for a spatial spread
of timing informationcould be that spatial integrationof
timing signals is pivotal for the analysis of motion. As
experiments for phi-motion show, the visual system is
indeed able to compare the timing of spatialIy distant
stimuli and, if they are sufficiently contiguous, to .Mnd
them into the coherent percept of a single moving target
(e.g. Anstis, 1980). Another possibility is that compar-
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isons of the temporal properties of pattern elements are
requiredfor scene segmentationand perceptualgrouping.
Psychophysical evidence indicates that correlations
between the temporal properties of pattern elements are
exploited for perceptual grouping. Synchronously ap-
pearing elements tend to be grouped together and are
segregated from elements whose appearance and disap-
pearance follow a different time course (Leonardset al.,
1996; Ramachandran & Rogers-Ramachandran,1991).
Another puzzling question is why judgments on the
temporalpatterning of HC-targetswere distractible. Our
hypothesis predicts correctly that judgments on the
temporal patterning of LC-targets should not be com-
promisable because in that case information on the
temporaI patterning of the target is conveyed predomi-
nantly by the luminance-sensitivechannels and hence is
precise and reliable. But HC-targets activate both
luminance and colour-sensitive channels and one may
wonderwhy the availableand,with all likelihood,precise
information about the temporal patterning of the
luminance changes is not used to protect judgments on
the temporal pattern of the target from interferences by
remote distracters. We cannot really answer this ques-
tion. One scenario could be that perception is normally
dominated by signals conveyed by colour-sensitive
channels because these are much more numerous than
luminance-sensitive channels. Since colour-sensitive
channels signal the temporal pattern of stimuli less
precisely than luminance-sensitivechannels,judgments
on the timing of patterns could become more susceptible
to interference when both systems are activated than
when all informationis conveyedonly by the luminance-
sensitive channels. Whatever the mechanism, the para-
doxical contrast effect suggests that a coactivation of
both channels leads to less reliablejudgments about the
precise temporal pattern of a stimulus than activation of
the luminance-sensitivechannel alone.
Evidence is now available that the visual system can
disregard informationabout the precise timing of stimuli
if non-temporal features are sufficient to support
identification of figural aspects of stimuli. We have
found in experimentson perceptual grouping that timing
information supports binding of pattern elements.
Temporally coincident pattern elements became segre-
gated from asynchronouslypresented elements and were
perceived as constituentsof a coherent figure. However,
if a figure was defined by texture similaritiesrather than
by temporal coherence of its elements, perception of the
figure was unimpaired even if false temporal conjunc-
tions were introduced by randomly synchronizing
elements of the figure with elements of the background
(Leonards et al., 1996). This indicates that information
about the precise temporal structure of stimuli can be
disregardedif non-temporalfiguralcues are availableand
sufficientfor the definitionof a figure.This eliminationof
temporal cues—that would have led to false conjunc-
tions, occurred even though pattern elements were of
high contrast and hence activated both luminance and
colour-sensitivechannels.We had inferred from this that
information about the spatial and temporal properties of
stimuli is processed separately and that the results of the
respective computationscan either be combined if they
supportone anotheror can be used separately if there is a
conflict. In the latter case, the visual system relies on the
cue that definesa figure and if both spatial and temporal
cues define different figures, the two cues compete and
perception is dominated by the more salient cue.
Subsequent experiments with isoluminant textures
showed that information conveyed by colour-sensitive
channels does not support perceptual grouping on the
basis of temporalcues, while it readily supportsgrouping
on the basis of figuralcues (Leonards& Singer, 1995).In
analogyto the interpretationof the present resultswe had
inferred from this that information conveyed by colour-
sensitive channels cannot be used for assessment of
precise temporal relations among stimuli, either because
it has no access to the mechanism that detects
coincidences among spatially distributed stimuli or
because it is not sufficientlyaccurate.
As mentioned in the Introduction, the response
properties of neurons in the magno- and parvocellular
pathways are compatible with the assumption that LC-
stimuli activatepreferentiallythe former and CC-stimuli,
mainly the latter while HC-stimuli activate both.
Accordingly, the present data suggest that the M-system
signals the temporal pattern of stimuli more precisely
than the P-pathway and that the visual system uses M-
mediated activity in order to make inferences on the
precise temporal pattern of stimuli that activate prefer-
entially P-pathways. This implies that M- and P-path-
ways interact and exchange information. Such
interactionshave often been proposed and are supported
by connectivity (Felleman & Van Essen, 1991). The
present data now provide psychophysical evidence for
such interactions.These occurred over distancesof more
than 20 deg of visual angle and across the midline of the
visual field. In addition, control experiments indicated
that a target remains distractible if target and distracter
are presented under dichoptic viewing conditions. The
interactionsare therefore likely to take place beyond the
primary visual cortex. This implies further that temporal
pattern information conveyed by colour and luminance-
sensitive channels is preserved independentlywithin the
respective processing streams until the cortical level
where interactions do eventually occur. This is in line
with earlier suggestions from physiological results
(Munk et al., 1995).
In summary, we have presented psychophysical
evidence from humans which suggests that information
about temporal stimulus properties is handled differen-
tially by the parvo- and magnocellular processing
streams, respectively. Information about the precise
temporal structure of stimuli is primarily conveyed by
the M-pathwayand influencesthe perceptionof temporal
properties of stimuli encoded by the P-pathway, but not
vice versa. This emphasises the functional dichotomy of
M- and P-processing streams and identifies a new,
asymmetricmode of interactionbetween them.
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